Objectives: This study was designed to determine what acoustic elements are associated with musical perception ability in cochlear implant (CI) users and to understand how acoustic elements, which are important to good speech perception, contribute to music perception in CI users. It was hypothesized that the variability in the performance of music and speech perception may be related to differences in the sensitivity to specific acoustic features such as spectral changes or temporal modulations, or both.
INTRODUCTION
Speech perception performance by cochlear implant (CI) users has steadily improved (Wilson & Dorman 2008) . One reason for this success has been the improvement in understanding of the perceptual processes involved in electric hearing and their relation to speech perception outcome. Numerous psychophysical tests have been conducted; for example, (1) temporal modulation detection (Cazals et al. 1994; Fu 2002; Luo et al. 2008 ); (2) electrode discrimination (Nelson et al. 1995; Zwolan et al. 1997; Donaldson & Nelson 2000; Henry et al. 2000) ; (3) pitch perception Gfeller et al. 2007 ); (4) spectral-ripple discrimination (Henry & Turner 2003; Henry et al. 2005; Litvak et al. 2007; Won et al. 2007; Saoji et al. 2009 ); (5) gap detection (Wei et al. 2007 ); (6) auditory stream segregation (Hong & Turner 2006) ; and (7) Schroeder-phase discrimination . These studies show various factors that predict the variability in speech outcomes in CI users.
For example, previous work (Won et al. 2007 ) has demonstrated that spectral-ripple discrimination ability significantly correlated with speech reception thresholds (SRTs) in noise in CI users (r ϭ Ϫ0.55, p ϭ 0.002 in two-talker babble; r ϭ Ϫ0.62, p ϭ 0.0004 in steady state noise). Other investigators also reported that spectral shape measures correlate with speech recognition (Henry & Turner 2003; Henry et al. 2005; Litvak et al. 2007; Saoji et al. 2009 ), suggesting that spectral selectivity with a sound processor is a fundamental underlying factor that partly accounts for the wide range of variability in speech perception in CI users. More recently, showed that in CI users, Schroederphase discrimination was significantly correlated with monosyllabic word recognition in quiet (r ϭ 0.52, p ϭ 0.03) and SRTs in steady state noise (r ϭ Ϫ0.48, p ϭ 0.03). Furthermore, Schroederphase discrimination ability did not show any relationship with spectral-ripple discrimination ability, thus it was concluded that Schroeder-phase discrimination serves as a measure of temporal resolution in CI users, assessing CI users' ability to use acrosschannel timing differences in the temporal envelopes as well as within-channel temporal fine structure (Won et al. 2009 ). If the sound processor could provide improved representation of temporal and spectral details of sound, it is expected that speech understanding abilities would improve (Drennan et al. 2010) .
Previous studies have shown that the performance of rhythm recognition in CI users is generally good (Gfeller et al. 1997; Kong et al. 2004; Gfeller et al. 2005) , but other aspects of music perception such as pitch (Gfeller et al. 2007 ), melody (Gfeller et al. 2002a) , and timbre (Gfeller et al. 2002b ) are still generally weak in a majority of CI users (Drennan & Rubinstein, 2008) . Considerable across-subject variability in music perception ability has also been found (Kong et al. 2004; Galvin et al. 2007; Nimmons et al. 2008; Kang et al. 2009 ); however, it is not clear why some CI users show especially good music perception relative to the population of implant users. Although the relationship between various psychophysical measures and speech perception in CI users has been extensively studied, the relationship between psychophysical measures and music perception has not. To develop CI technology for better music perception outcomes, it is important to understand which acoustic characteristics are most important for music perception.
The goal of this study is to determine what psychoacoustic abilities are associated with musical perception ability. It was hypothesized that the variability in music perception performance is related to differences in the psychophysical abilities relevant to speech and music perception in CI users. To test the hypotheses, a hearing test battery was implemented, which included (1) Clinical Assessment of Music Perception (CAMP) test (Nimmons et al. 2008; Kang et al. 2009 ), (2) a measure of resolving broadband spectral differences (Henry et al. 2005; Won et al. 2007) , (3) a measure of ability to track temporal modulations that sweep rapidly across channels (Schroederphase discrimination, ), (4) speech recognition in quiet using consonant-nucleus-consonant (CNC) words (Peterson & Lehiste 1962) , and (5) SRT in noise using spondees in babble noise and steady state, speech-shaped noise (Turner et al. 2004; Won et al. 2007 ). All the psychophysical tests have been shown to be reliable measures, showing good test-retest reliability with minimal learning. For example, Kang et al. (2009) showed in 35 CI users that the test-retest intraclass correlation coefficient for pitch, melody, and timbre tests of the CAMP test were 0.85, 0.92, and 0.69, respectively. Won et al. (2007) reported strong test-retest reliability for the spectral-ripple test (r ϭ 0.89). demonstrated that test-retest reliability for the Schroeder-phase discrimination was good, showing no improvements throughout the six test blocks as well as no significant difference between the scores measured on two different days.
In this study, all tests were performed with the subjects' own sound processors; therefore, discrimination sensitivity for real-world acoustic sounds was evaluated as well as speech and music outcomes and relationships among measures. Examining a relationship between the components of music perception and psychophysical abilities will enhance past research (e.g., Gfeller & Lansing 1991) by providing a better understanding of how specific acoustic elements contribute to music perception and might provide insights into improving music perception with CIs.
METHODS

Subjects
Forty-two postlingually deafened adult CI users participated in this study. They were 25 to 78 years old (mean ϭ 50 years, 20 women and 22 men), and all were native speakers of American English. Individual subject information is listed in Table 1 . The use of human subjects in this study was reviewed and approved by the University of Washington Institutional Review Board. A few subjects did not participate in all the experiments because of time and scheduling constraints. For the correlation or regression analyses, all the available data have been included without ignoring any data point.
Test Administration
All subjects listened to the stimuli using their own sound processor set to a comfortable listening level. Bilateral users were tested with both implants functioning. CI sound processor settings were not changed from the clinical settings throughout all test batteries. All tests were conducted in a double-walled, soundtreated booth (IAC). Custom MATLAB (The Mathworks, Inc.) programs were used to present stimuli on a Macintosh G5 computer with a Crown D45 amplifier. A single loudspeaker (B&W DM303), positioned 1 m in front of the subjects, presented stimuli in a sound field. Five psychophysical test batteries were administered in this study. The order of test administration was randomized across the subjects. The duration of the entire test battery for one subject was approximately 2.5 hrs.
CAMP Test • The CAMP was used for music perception testing as previously described by Nimmons et al. (2008) and Kang et al. (2009) . All stimuli in this task were presented at 65 dBA. All the 42 CI subjects were tested for music perception.
The CAMP has three subtests: complex-tone pitch-direction discrimination, melody recognition, and timbre recognition.
Synthesized complex tones were created for the complex-tone pitch-direction discrimination and melody recognition tests. The synthetic complex tones with uniform temporal envelopes had identical spectral envelopes derived from a recorded piano note at middle C (262 Hz). A custom peak-detection algorithm was used to determine the fast Fourier transform components of the fundamental frequency (F0) of the note at middle C and its harmonic frequencies. For each tone, the magnitude and phase relationships derived from the fast Fourier transform peaks were applied to sets of sinusoidal waves corresponding to the F0 and its harmonics. The sinusoidal waves were summed to generate each tone. A uniform temporal envelope with exponential onset (50 msecs) and linear decay (710 msecs) was applied to the summed sinusoidal waves to create the final synthetic complex tones of 760-msec duration.
For the complex-tone pitch-direction discrimination test, a two-alternative forced-choice (2-AFC) task with one-up and one-down adaptive procedure (Levitt 1971 ) was used to measure the thresholds in semitones. Synthesized complex tones with duration of 760 msecs were presented at 65 dBA. The presentation level was roved within trials (Ϯ4 dB range in 1-dB steps) to minimize level cues. On each presentation, a tone at the reference F0 (i.e., standard stimulus) and a higher pitched tone (i.e., comparison stimulus with larger F0) were played in random order. The subjects were instructed to identify which tone sounded higher in pitch by clicking on a button using a computer mouse. Before actual pitch-direction discrimination testing, four single trials were done for familiarity with visual feedback. The actual testing was administered with three reference F0s (262, 330, and 392 Hz). Feedback was not provided during testing. The initial interval presented was always 12 semitones (1 octave), which is almost always discriminable by CI listeners. For the next two presentations, if the listeners made correct responses, the interval size of 6 and 3 semitones were used. For the rest of tracking, the step size of 1 semitone was used. If an incorrect response was made during the first three presentations, the interval size was immediately set to 1 semitone, and the rest of the testing was completed with the step size of 1 semitone. The threshold was estimated as the mean interval size for three adaptive tracks, each determined from the mean of the final six of eight reversals. A reversal at zero was automatically added by the test algorithm when the listeners answered correctly at 1 semitone. Because of theoretical concerns related to the 1-up 1-down staircase method with a 2-AFC task, the data were analyzed using the Spearman-Kärber method (Ulrich & Miller 2004) to determine a threshold estimate corresponding to 75% correct performance. Instead of fitting a curve to the psychometric function and extracting a single point, the Spearman-Kärber method incorporates all the data and estimates a midpoint for 75% correct in 2-AFC tasks. Pitch-direction discrimination thresholds estimated with the Spearman-Kärber method are used for all results and data analyses in this study.
In the melody recognition test, 12 isochronous and familiar melody clips were used. They include Frère Jacques, Happy Birthday, Here Comes the Bride, Jingle Bells, London Bridge, Mary Had a Little Lamb, Old MacDonald, Rock-a-Bye Baby, Row Row Row Your Boat, Silent Night Holy Night, Three Blind Mice, and Twinkle Twinkle Little Star. Synthesized complex tones with duration of 500 msecs were used, and they were ramped with 50 msecs of exponential onset and 450 msecs of linear decay. The tones were repeated in an eight-note pattern at a tempo of 60 beats per minute to eliminate rhythm cues. Stimulus level was 65 dBA. The amplitude of each note was randomly roved by 4 dB. The melody test began with a brief training session in which subjects listened to each melody two times. In training, they were aware which melody they were listening to. During the actual testing, each melody was played three times in random order across the set of 36 presentations, and the subjects were asked to identify melodies by clicking on the title corresponding to the melodies presented. A total score was calculated after 36 melody presentations as the percent of melodies correctly identified. Feedback was not provided.
In the timbre (musical instrument) recognition test, sound clips of live recordings for eight western musical instruments playing an identical five-note sequence were used. This melodic sequence encompassed the octave above middle C playing bidirectional interval changes at a uniform tempo of 82 beats per minute. The instruments used include piano, violin, cello, acoustic guitar, trumpet, flute, clarinet, and saxophone. The timbre test began with a training session in which subjects listened to each instrument two times. During the actual testing, each instrument sound clip was played three times in random order at 65 dBA, and the subjects were instructed to click on the labeled icon of the instrument corresponding to the timbre presented. A total percent correct score was calculated after 24 presentations as the percent of instruments correctly identified. Feedback was not provided.
SRT in Background Noise
• The subjects were asked to identify one randomly chosen spondee word out of a closed set of 12 equally difficult spondees (Harris 1991) in the presence of background noise (Turner et al. 2004; Won et al. 2007 ). The spondees, two-syllable words with equal emphasis on each syllable (e.g., "birthday," "padlock," "sidewalk"), were recorded by a female talker (F0 range: 212 to 250 Hz; Turner et al. 2004) . Two background noises were used: steady state, speech-shaped noise and two-talker babble noise. The twotalker babble consisted of a male voice saying "Name two uses for ice" and a female voice saying "Bill might discuss the foam." The female talker for the babble was different from the female talker for the spondees. Duration of the background noise was 2.0 secs, and the onset of the spondees was 500 msecs after the onset of the background noise. The same wave file of background noise was used on every trial to eliminate variance that might arise from variability in the background stimulus. The 12-AFC task used one-up, one-down adaptive tracking, converging on 50% correct (Levitt 1971) . The level of the target speech was 65 dBA. The noise level was varied with a step size of 2 dB. Feedback was not provided. For all subjects, the adaptive track started with ϩ10 dB signal-to-noise ratio condition. The threshold for a single adaptive track was estimated by averaging the signal-to-noise ratio for the final 10 of 14 reversals. Forty-eight of the 51 subjects were tested. The primary dependent variable was the mean SRT of six adaptive tracks.
Spectral-Ripple Discrimination Test • The spectral-ripple
discrimination test in this study is the same as that previously described by Won et al. (2007) , similar to Henry et al. (2005) . Two hundred pure-tone frequency components were summed to generate the rippled noise stimuli. The 200 tones were spaced equally on a logarithmic frequency scale. The amplitudes of the components were determined by a full-wave rectified sinusoidal envelope on a logarithmic amplitude scale. The ripple peaks were spaced equally on a logarithmic frequency scale. The stimuli had a bandwidth of 100 to 5000 Hz and a peak-to-valley ratio of 30 dB. The mean presentation level of the stimuli was 61 dBA and randomly roved Ϯ4 dB in 1-dB steps. The starting phases of the components were randomized for each presentation. The ripple stimuli were generated with 14 different densities, which were measured in ripples per octave. The ripple densities differed by ratios of 1.414 (0.125, 0.176, 0.250, 0.354, 0.500, 0.707, 1.000, 1.414, 2.000, 2.828, 4.000, 5.657, 8.000, and 11.314 ripples/octave). Standard (reference stimulus) and inverted (ripple phase reversed test stimulus) ripple stimuli were generated. For standard ripples, the phase of the full-wave rectified sinusoidal spectral envelope was set to zero radians, and for inverted ripples, it was set to /2. The stimuli had 500-msec total duration and were ramped with 150-msec rise/fall times. Stimuli were filtered with a long-term, speech-shaped filter (Byrne et al. 1994) . A 3-AFC task, two-up and one-down adaptive procedure, was used to determine the spectral-ripple resolution threshold converging on 70.7% correct (Levitt 1971 
Schroeder-Phase Discrimination Test • The Schroeder-
phase discrimination test in this study is the same as that previously described by and similar to Dooling et al. (2002) . Positive and negative Schroeder-phase stimulus pairs were created for four different F0s of 50, 100, 200, and 400 Hz. For each F0, equal-amplitude harmonics from the F0 up to 5 kHz were summed. Phase values for each harmonic were determined by the following equation: n ϭ Ϯ n(n ϩ 1) / N where n is the phase of the nth harmonic, n is the nth harmonic, and N is the total number of harmonics in the complex. The positive or negative sign was used for the positive or negative Schroeder-phase stimuli, respectively. The Schroeder-phase stimuli were presented at 65 dBA without roving the level. A four-interval, 2-AFC procedure was used. One stimulus (i.e., positive Schroeder-phase, test stimulus) occurred in either the second or third interval and was different from three others (i.e., negative Schroeder-phase, reference stimulus). The subject's task was to discriminate the test stimulus from the reference stimuli.
Visual feedback was provided. To determine a total percent correct for each F0, the method of constant stimuli was used. In a single test block, each F0 was presented 24 times in random order, and a total percent correct for each F0 was calculated as the percent of stimuli correctly identified. Thirty-six of the 42 subjects participated in this test. The dependent variables for this test were the mean percent correct of six test blocks for each F0 and an overall average percent correct score by averaging the scores from each of four F0s. There were 144 presentations for each F0.
CNC Word Recognition Test
Fifty CNC monosyllabic words (Peterson & Lehiste 1962) were presented in quiet at 62 dBA. A CNC word list was randomly chosen out of 10 lists for each subject. The subjects were instructed to repeat the word that they heard. A total percent correct score was calculated after 50 presentations as the percent of words correctly repeated. Thirty-seven of the 42 subjects were tested. 
Data Analysis
Correlations of the CAMP subtests with the other tests in the battery described above were assessed using a Pearson and Spearman correlation coefficients to ensure that parametric and nonparametric correlations were both significant in case any of the variables were not normally distributed. Partial correlation analyses were conducted to determine the extent to which the CAMP subtests scores correlated with speech tasks independent of spectral resolution. In addition, using spectral-ripple thresholds, Schroeder-phase scores, and pitch-direction discrimination scores as predictors, multiple linear regression analyses with two predictors were conducted to explain the variability of melody recognition, timbre recognition, and SRTs in noise. To be considered valid, the adjusted R 2 for the combination of factors had to be greater than the R 2 of the independent variables, the p value for each coefficient had to be less than 0.05, the p value for the F ratio had to be less than 0.05, the 95% confidence interval of each of the regression coefficients could not include 0, and the regression standardized residual had to be normally distributed (Lomax 2005) .
RESULTS
Average scores for all tests are reported in Table 2 . The results for this study are consistent with previously reported data (the CAMP subtests: Nimmons et al. 2008; Kang et al. 2009 , spectral-ripple discrimination: Won et al. 2007 , Schroeder-phase discrimination: . For tests that were repeated six times to determine average thresholds, the variability of the test was evaluated by comparing the first three blocks to the second three blocks (Table 3 ). As shown in Table  3 , most tests showed strong correlation between the thresholds obtained from the first and second three blocks. A paired t test was also conducted to determine whether learning had occurred throughout the course of six repetitions. Spectral-ripple discrimination and Schroeder-phase discrimination did not show a difference between the first and second three blocks, whereas speech recognition in noise showed improvement (1.4 dB in babble, 0.6 dB in steady state noise). These observations are also consistent with previous reports (Won et al. 2007; ). The Shapiro-Wilk test (alpha level ϭ 0.05) showed that the timbre recognition scores, Schroeder-phase discrimination, average scores across the four F0s, SRTs in two-talker babble, and CNC word recognition scores were not significantly different from a normal distribution. Pearson and Spearman correlations are reported to indicate that parametric and nonparametric correlations are both significant, respectively. If both correlations are significant, it ensures the fact that the distributions are not purely normal is irrelevant, because nonparametric correlation does not assume normal distribution of variables (Hotelling & Pabst 1936) . The number of subjects varies in the correlation analysis depending upon the number of subjects that did both of the tests being correlated.
Correlation Between Spectral-Ripple Discrimination and All Music Measures
Significant correlations were found between the spectralripple thresholds and performances on all the CAMP subtests. Figure 1 shows the scattergram of spectral-ripple thresholds and mean pitch-direction discrimination thresholds for 41 subjects (Pearson r ϭ Ϫ0.49, p ϭ 0.001; Spearman ϭ Ϫ0.58, p Ͻ 0.0001). Table 4 shows the correlations of the spectralripple thresholds with the pitch-direction discrimination thresh- olds for each of three F0s. There was a trend that the correlation became greater with higher F0s for the pitch-direction discrimination, but the difference was not statistically significant. The left panel of Figure 2 shows that the melody recognition scores significantly correlated with spectral-ripple thresholds (Pearson r ϭ 0.65, p Ͻ 0.0001; Spearman ϭ 0.62, p Ͻ 0.0001, N ϭ 42). The right panel of Figure 2 shows the scattergram of spectral-ripple threshold and timbre recognition scores (Pearson r ϭ 0.57, p Ͻ 0.0001; Spearman ϭ 0.60, p Ͻ 0.0001, N ϭ 42). The results suggest that good spectral resolution is important for music perception in CI users.
Correlation of Schroeder-Phase Discrimination
A significant correlation was found between Schroederphase discrimination scores at 200 Hz and timbre recognition scores (Pearson r ϭ 0.37, p ϭ 0.03; Spearman ϭ 0.38, p ϭ 0.02; N ϭ 36). Other than that, Schroeder-phase discrimination scores were not correlated with any CAMP subtests as shown in Table 5 . Note that only 36 of the 42 subjects participated in the Schroeder-phase discrimination test. Consistent with a previous report , Schroeder-phase discrimination significantly correlated with CNC word recognition (Pearson r ϭ 0.52, p Ͻ 0.01; Spearman ϭ 0.59, p ϭ 0.001; N ϭ 28) and with speech perception in steady state noise (Pearson r ϭ Ϫ0.48, p ϭ 0.007; Spearman ϭ Ϫ0.57, p ϭ 0.001; N ϭ 31).
Prediction for Melody and Timbre Recognition Using the Combination of the Spectral-Ripple and Pitch-Direction Discrimination
Multiple linear regression analyses were conducted to explain variability of melody and timbre recognition scores and SRTs in noise. Table 6 shows the multiple linear regression data that met the criteria described in the Methods section. Figure 3 shows that the combination of spectral-ripple thresholds and mean pitch-direction discrimination thresholds pre-dicted nearly half of the variance in melody and timbre scores (49% for melody and 47% for timbre). These multiple linear regression analyses showed that when coupling spectral-ripple discrimination with mean pitch-direction discrimination ability (averaged over three F0s), pitch-direction discrimination ability accounted for an additional 2 to 15% of the variance of the music and speech performance over variance accounted for with spectral-ripple discrimination alone (Table 6 ). We speculate that some aspect of CI users' pitch perception ability that is not captured by spectral-ripple discrimination ability would have contributed to the additional predictive power.
Relationship Between Music Perception and Speech Perception
Pitch-direction discrimination was significantly correlated with CNC word recognition and speech perception in noise. Figure 4 shows that mean pitch-direction discrimination thresholds were significantly correlated with CNC recognition scores (left panel, Pearson r ϭ Ϫ0.56, p Ͻ 0.001; Spearman ϭ Ϫ0.55, p Ͻ 0.001) and SRTs in two-talker babble (middle panel, Pearson r ϭ 0.54, p Ͻ 0.001; Spearman ϭ 0.54, p Ͻ Fig. 3 . Left panel shows the multiple regressions for melody recognition using spectral-ripple thresholds and mean pitch-direction thresholds (r ϭ 0.72, adjusted R 2 ϭ 0.49, p Ͻ 0.0001; whereas, independently, R 2 ϭ 0.42, p Ͻ 0.0001 and R 2 ϭ 0.34, p Ͻ 0.0001 for spectral-ripple and mean pitch-direction discrimination thresholds, respectively). Right panel shows the multiple regressions for timbre recognition using spectral-ripple thresholds and mean pitch-direction thresholds (r ϭ 0.70, adjusted R 2 ϭ 0.47, p Ͻ 0.0001; whereas, independently, R 2 ϭ 0.32, p Ͻ 0.0001 and R 2 ϭ 0.41, p Ͻ 0.0001 for spectral-ripple and mean pitch-direction discrimination thresholds, respectively). Linear regressions between the true and predicted scores are represented by the solid lines.
0.001) and in steady state noise (right panel, Pearson r ϭ 0.50, p Ͻ 0.01; Spearman ϭ 0.49, p Ͻ 0.01). Correlations between the pitch-direction discrimination and CNC scores and SRTs in noise are summarized in Table 7 .
To determine the extent to which the pitch-direction discrimination thresholds correlated with the speech measures independent of spectral resolution, a partial correlation analysis was done controlling for the effects of spectral-ripple resolution (Table 8) . For the pitch-direction discrimination at 262 Hz, there was little change in the correlation when the effects of spectral ripple discrimination ability were factored out. This suggests that (1) spectral-ripple discrimination has little or no effect on the relationship between the pitch-direction discrimination at 262 Hz and speech perception; and (2) spectral resolution and complex-tone pitch-direction discrimination ability at low fundamental frequencies (Ͻ300 Hz) tend to contribute independently to predict speech perception in noise. However, the correlation of pitch-direction discrimination thresholds at 392 Hz with SRTs went to nearly zero (r ϭ 0.07 in babble; r ϭ 0.10 in steady state noise) when the spectral-ripple effects was factored out. The relationship between pitch direction discrimination at 392 Hz and CNC scores also became weak (r ϭ Ϫ0.28) and nonsignificant (p ϭ 0.12). One might speculate that temporal factors are contributing to pitch discrimination performance for fundamental frequencies less than 300 Hz, but above 300 Hz, spectral factors are playing the primary role.
The melody and timbre recognition scores were also significantly correlated with CNC word recognition and speech perception in noise. Figure 5 shows that CNC word recognition scores were significantly correlated with melody recognition scores (left panel, Pearson r ϭ 0.43, p ϭ 0.007; Spearman ϭ 0.48, p ϭ 0.003) and timbre recognition scores (right panel, Pearson r ϭ 0.62, p Ͻ 0.001; Spearman ϭ 0.67, p Ͻ 0.001). The upper panel of Figure 6 shows the scattergram of melody recognition versus SRTs in two-talker babble (left panel, Pearson r ϭ Ϫ0.49, p ϭ 0.002; Spearman ϭ Ϫ0.54, p Ͻ 0.001) for 38 subjects and in steady state noise (right panel, Pearson r ϭ Ϫ0.42, p ϭ 0.008; Spearman ϭ Ϫ0.54, p Ͻ 0.001) for 40 subjects. The lower panel of Figure 6 shows the scattergram of timbre recognition versus SRTs in two-talker babble (left panel, Pearson r ϭ Ϫ0.61, p Ͻ 0.0001; Spearman ϭ Ϫ0.63, p Ͻ 0.0001) for 38 subjects and in steady state noise (right panel, Pearson r ϭ Ϫ0.63, p Ͻ 0.0001; Spearman ϭ Ϫ0.68, p Ͻ 0.0001) for 40 subjects. The partial correlation analyses described above were also performed for the relationships among melody recognition, timbre recognition, CNC word recognition, and speech perception in noise. When the spectral-ripple thresholds were factored out, the correlations between the melody scores and speech scores (SRTs in noise and CNC percent correct) became zero (r ϭ Ϫ0.02 for SRTs in babble; r ϭ 0.04 for SRTs in steady state noise; r ϭ 0.04 for CNC scores), suggesting that spectral resolution ability accounts for the relationship between these speech measures and melody recognition.
DISCUSSION
Spectral-Ripple Resolution and Music Perception
Using chimeric sounds, Smith et al. (2002) suggested that high spectral resolution would be required for melody recognition. Kong et al. (2004) found that as many as 32 vocoder frequency bands would be needed for rhythmless melody recognition in normal-hearing listeners. Laneau et al. (2006) showed a negative effect of spectral smearing on complex harmonic tone pitch perception of noise-band vocoded signals in normal-hearing listeners. All these previous studies using normal-hearing listeners and acoustic simulation suggest that better spectral resolution would contribute to better music perception in CI users. This study found significant relationships between spectral-ripple discrimination and pitch-direction discrimination, melody recognition, and timbre recognition, showing that CI users who had better spectral-ripple discrimination ability had better music perception. Thus, the hypothesis that better spectral resolution contributes to better music perception is supported by this study.
To discriminate standard and inverted spectral-ripple stimuli, CI listeners must be able to detect and discriminate relative amplitude changes across channels (Henry & Turner 2003) . Figure 7 shows the CI sound processor output for Fidelity 120 corresponding to the 16 electrodes for the spectral-ripple densities of 0.5, 1.0, 2.0, and 4.0 ripples/octave. Average outputs over the duration of the spectral-ripple stimuli (0.5 secs) for each electrode are plotted. For the ripple densities of 0.5 to 2 ripples/octave, multiple peaks and valleys are well represented across the electrodes. In addition, there is a gradual decrease in the distance between the peaks and valley as the ripple density increases, resulting in reduced spectral contrast between the standard and inverted ripple stimuli, especially at high ripple density (4 ripples/octave).
A theoretical mechanism for the spectral-ripple discrimination follows the place theory of pitch perception and such a mechanism is also likely to contribute to the ability to discriminate changes in the F0 of harmonic complexes, timbre, and pitch contours. Timbre is based on the physical characteristics of sound including the spectral energy distribution and temporal envelope, especially its attack and decay characteristics (Plomp 1970; Grey 1977) . The significant correlation found between the spectral-ripple thresholds and timbre scores demonstrate that CI subjects depend in part (32% of the variance) on the spectral properties of sound to identify the timbre. This finding in CI users parallels previous findings in normalhearing listeners that the spectral envelope of the sound is the most salient parameter in timbre discrimination (McAdams et al. 1999; Gunawan & Sen 2008) .
Pitch-Direction Discrimination Thresholds: Comparison With Previous Results
Pitch-direction discrimination thresholds in this study were higher than those from previous studies (Nimmons et al. 2008; Kang et al. 2009 ). Thresholds in this study were estimated with the Spearman-Kärber method (Ulrich & Miller 2004) , incorporating all the raw data of the responses (right or wrong) for each and every presentation in the pitch-direction discrimination task. The Spearman-Kärber method estimates thresholds for 75% correct, whereas the mean of reversals methods estimates approximately 50% correct. Thresholds reported in the results above were therefore greater (mean ϭ 4.6 semitones) than thresholds estimated using mean of reversals approach (2.6 semitones at 50% correct in this study; 3.0 semitones at 50% correct in the study by Kang et al. 2009 ). The thresholds estimated with each method were, however, highly correlated (r ϭ 0.97), and consequently, the method of threshold calculation had no material effect on the correlation results. Kang et al. (2009) also showed the intraclass correlation of 0.85 for test-retest reliability of the pitch-direction discrimination using the 1-up 1-down staircase method with a 2-AFC task, demonstrating that approach produced a reliable result.
Schroeder-Phase Discrimination Ability and Music Measures
Except the weak correlation between Schroeder-phase discrimination scores at 200 Hz and timbre recognition scores (Pearson r ϭ 0.37, p ϭ 0.03; Spearman ϭ 0.38, p ϭ 0.02; N ϭ 36), no correlations were found between the music measures and Schroeder-phase discrimination. CIs sound processors using pulsatile stimulation strategies transform the acoustic Schroederphase stimuli into sweeps of envelope packets that either rise or fall in frequency and repeat over time. suggested that CI subjects use between-channel timing differences in the temporal envelopes to discriminate positive and negative Schroeder-phase stimuli. To use a between-channel cue, good sensitivity to detect and discriminate fast-changing spectral differ- ences is required. However, there is no such dynamic spectral change in the pitch-direction discrimination and timbre recognition tests. In the melody recognition test, the tones had 500 msecs duration and were repeated in an eight-note pattern. This dynamic change in the melody recognition test is much slower than in the Schroeder-phase discrimination test. In contrast to music, correlations between Schroeder-phase discrimination and speech measures were reported (50-Hz Schroeder versus CNC: r ϭ 0.52; 200-Hz Schroeder versus SRT in steady state noise: r ϭ Ϫ0.48; , and similar correlations were also found in this study. Drennan et al. suggested that the ability to discriminate dynamic spectral change might underlie the ability of CI listeners to hear the trajectory of typical consonant-vowel transitions and to segregate the speech of a female talker (which has a F0 of approximately 200 Hz) from steady state noise. Hearing fast spectral changes such as those in speech were not necessary in CAMP tasks. Good Schroeder-phase discrimination might be related to the ability to perceive faster musical passages such as rapidly ascending or descending scales or arpeggios.
Implications for Development of CIs
To develop a CI system to better represent musical sound signals while still maintaining or improving speech signal representation, it is important to understand which acoustic cues underlie both music and speech perception. Although speech and music have somewhat different perceptual demands, previous studies have shown that the performance of speech correlates with music perception in CI users. Gfeller et al. (2002a) investigated the relationship between melody recognition and several types of speech tests and found that correlations ranged from 0.51 to 0.61 in 42 CI users. Galvin et al. (2007) showed a correlation between the melodic contour identification test and vowel recognition (r ϭ 0.73, p ϭ 0.01) in 11 CI subjects. For seven CI subjects, Gfeller et al. (2007) found a correlation between melody recognition and speech recognition in noise (r ϭ Ϫ0.55 in broadband noise; r ϭ Ϫ0.50 in babble noise), although it was not statistically significant (p Ͼ 0.05). In this study, melody and timbre recognition scores significantly correlated with CNC word recognition in quiet listening condition (r ϭ 0.43 for melody; r ϭ 0.62 for timbre), SRTs in two-talker babble (r ϭ Ϫ0.49 for melody; r ϭ Ϫ0.61 for timbre), and SRTs in steady state noise (r ϭ Ϫ0.42 for melody; r ϭ Ϫ0.63 for timbre). With the effect of spectral-ripple thresholds removed, the correlation between melody recognition and speech recognition (CNC scores and SRTs in two types of noise) became nearly zero. This suggests that the ability to resolve spectral changes contributes to both music and speech perception abilities.
Significant correlations from behavioral data do not necessarily reflect a causative mechanism. It is plausible that both spectral ripple discrimination ability and music and speech understanding abilities are limited by the condition of the peripheral auditory system. The peripheral auditory systems of individual CI users have a variety of different conditions that might account for the correlations observed; however, "higher-level" auditory processing capabilities could also play a role.
Analysis of performance using the psychoacoustic tests might be valuable for analysis of the effectiveness of engineering manipulations to sound processing. These data suggest that attempts to improve spectral resolution by manipulating sound processor parameters or developing new hardware and software could lead to improvement in multiple clinical outcomes such as music and speech perception. WON ET AL. / EAR & HEARING, VOL. 31, NO. 6, [796] [797] [798] [799] [800] [801] [802] [803] [804] [805] 
